A novel severe plastic deformation (SPD) technique entitled repetitive tube expansion and shrinking (RTES) has been developed to fabricate ultra-fine grained and nanostructured AZ91 tubular components. This method includes two different half-cycles and is based on pressing a tubular part through an angular channel die with two shear zones. In order to primarily demonstrate the deformation behavior and refinement ability of RTES method, the FE simulations and experimental analyses were both done. Analytical calculations and FE simulations of this method accompanied by Abaqus/explicit indicate that the large amount of equivalent plastic strain of 5.8 is imposed in each cycle. In experimental investigations of a single-cycle of RTES, microstructural observations showed a significant grain refinement from the initial value of ~150 μm to ~700 nm. The distribution characteristic of refinement and hardness were consistent with that of simulated effective strain. This novel SPD method seems to be very promising for future commercial practice.
Introduction
During the recent years, the fabrication of nano-crystalline (NC) and ultrafine-grained (UFG) materials through severe plastic deformation methods has transformed to a high-spot materials processing field [1] [2] [3] . Some of the most successful SPD processes such as cyclic extrusion compression (CEC) [4] , equal channel angular press (ECAP) [5, 6] , high pressure torsion (HPT) [7] , twist extrusion [8] , and accumulative roll bonding (ARB) [9] , equal channel angular rolling (ECAR) [10] and accumulative radial-forward extrusion (ARFE) [11] have already been proposed as intense plastic straining methods, and successfully applied to various bulk materials. Tubular parts, as a category of engineering components, are also expected to achieve high strengths by nanostructure. Therefore, it is sensible to pay further attention for these kinds of UFG materials. However, few researches have been conducted on development of tubular UFG materials, such as high pressure tube twisting (HPTT) [12] , accumulative spinbonding (ASB) [13] , tube channel pressing (TCP) [14] . Valder et al implemented ECAP processing to fabricate commercially pure aluminium tube. In their research sand was used as a mandrel during pressing [15] . Some main limitations of above mentioned methods have confined their industrialization. The most problems are the high amount of friction between the die and workpiece, heterogeneous imposed strain distribution, complicated tools and facilities and imperfect bonds between layers. Recently, new SPD technique has been introduced by the authors for fabrication ultra-fine grained tubular parts named as tube cyclic expansion-extrusion (TCEE) [16] .
To overcome these limitations, a noble SPD process named RTES suitable for fabricating UFG tubular parts was proposed for the first time. In this study, the RTES, as a novel SPD process, was applied to fabricate ultra-fine grained AZ91 tubular parts. In order to primarily demonstrate the deformation behavior and refinement ability of RTES method, the FE simulations and experimental analyses were both done. Finite element evolution of overall deformation behavior, plastic strain distribution, microhardness variation and microstructural evolution were studied.
Experimental and EFM procedure
The principle of the RTES process is shown in Fig. 1 . According to Fig. 1 the RTES process consists of two different half-cycles. In the first half-cycle the initial tube with internal diameter of d1 is positioned inside a rigid radial chamber and a flanged solid punch is put into the tube ( Fig. 1(a) ). The tube is pressed by the punch into the tubular angular channel, where two shear events take place and the internal diameter of the tube is increased to d2 from an initial value of d1. In this
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manner, through passing the tube from angular channel, the thickness of tube remains constant (Figs. 1(b) and (c) ). In the second half-cycle of RTES, the processed tube with internal diameter of d2 is positioned in another die set according to Fig.  1(d) and is pressed into the same angular channel and the internal diameter of the tube is decreased to d1. Consequently at the end of any cycle the initial shape of the tube is reproduced (Fig. 1(f) ) and repeating the forming cycles leads to accumulation of desired amount of plastic strain.
This process allows large strain deformation of a sample with preservation of the original shape of sample after N cycles. The total equivalent plastic strain produced in two halfcycle (one pass) of RTES is 5.8. A commercial FE code Abaqus/Explicit was used to perform all the simulations. The simulations were performed using axisymmetric models in which the geometrical dimensions and mechanical properties of specimens were the same as those of the experiment, making it possible to compare the simulation results with those obtained experimentally. Axisymmetric four node elements (CAX4R) were employed to model parts. To accommodate the predetermined large strains during simulations, the adaptive meshing was employed [17] . The arbitrary LagrangianEulerian (ALE) adaptive meshing maintains a high-quality mesh under SPD by allowing the mesh to move independently with respect to the underlying material. Computational cost of the simulation in the explicit procedure can be reduced by either speeding it up compared to the time of actual process or artificially increasing the material density by a factor called mass scaling. If the simulation speed is too much increased, the increased inertia forces will change the predicted response (in extreme case the problem will exhibit wave propagation response). The only way to avoid this error is to choose a speed-up that is not too large [18] . The ratio of the kinetic energy to the internal energy is quite negligible, confirming the quasi static response of the explicit method with used step time and mass scaling factor [17] . The coulomb friction and penalty method is considered to model the contact between the die and the specimen. The die and the punch were modeled as analytical rigid parts. The friction coefficient was assumed to be 0.15 [17] . Initial cylindrical tubes of 15 mm inner diameters, 2.5 mm in thickness and 50 mm in length were machined from AZ91 cast ingots. The initial AZ91 cast alloy is composed of three different phases; primary α-Mg matrix (solid solution) phase, the β-precipitates (Mg17Al12) and the eutectic phase (α+ β) (Fig. 7(a) ). The grain size of the initial structure was measured to be about 150 μm. All the die set components were manufactured from H13 hot-worked tool steel and hardened to 55 HRC. Surfaces of tube samples and internal die surfaces were sprayed with MoS2 lubricant. The RTES experiments were carried out with a 50 ton Instron hydraulic press under the ram speed of 5 mm/min at 300ºC. To prevent heat transfer from the die setup, all the die components are isolated using some insulators. Also, the electrical heater is used to keep the billet and die components in the constant temperature of 300ºC during RTES processing. It is say to that almost no heat transfer occurred during the RTES processing. To study the evolved microstructure of RTES processed tubes, they were cut into longitudinal direction and then the surfaces were prepared by standard metallographic techniques. Optical micrographs were used to determine the evolved microstructure during RTES process. In order to study the mechanical properties of the experimental specimens, the compression test at the RTES processing temperature of 300ºC and at a strain rate of 5x10 -5 /sec was carried out. The obtained stress-strain curve of AZ91 alloy is shown in Fig. 2 .
In order to study the mechanical properties of the tubes after RTES the micro-hardness tests were carried out. The Vickers (Fig. 1(f) ) and repeating the forming cycles leads to accumula- Fig. 1(f) ) and repeating the forming cycles leads to accumulation of desired amount of plastic strain. 
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